Peptide receptor radionuclide therapy (PRRT) with [ 177 Lu]Lu-DOTA-[Tyr3]octreotate has been successfully developed in the last decades for the treatment of neuroendocrine neoplasms. However, different methods to improve the objective response rate and survival are under investigation. This includes changes of the radioligand, dosimetry and combination therapy with different agents, such as radiosensitisers. Hofving et al. recently reported, in the April 2019 issue of Endocrine-Related Cancer, the use of heat-shock protein 90 (Hsp90) modulation to augment radiation effects as a new promising target for radiosensitisation. In this commentary, new developments in the field of PRRT are discussed, placing these new findings about Hsp90 inhibitors into context.
Background
Well-differentiated neuroendocrine neoplasms (NENs) of the gastroenteropancreatic system are characterised by a low mutational burden and indolent tumour growth. These features contribute to the poor success rates of cytotoxic chemotherapy in NENs in terms of reduction of tumour size or duration of progression-free survival (PFS). This has triggered the development of therapeutic approaches aimed at established targets in welldifferentiated gastroenteropancreatic (GEP) NENs, such as the somatostatin receptor (SST), mammalian target of rapamycin (mTOR) pathway or vascular endothelial growth factor (VEGF) (Raymond et al. 2011 , Yao et al. 2011 , Caplin et al. 2014 . Following the advent of somatostatin analogues (SSAs) for the treatment of NENrelated hormonal symptoms and for NEN diagnostics (Krenning et al. 1989) , radiolabelled SSAs were developed for therapy as a Trojan horse strategy to locally irradiate the tumour, an approach coined peptide receptor radionuclide therapy (PRRT) (Kwekkeboom et al. 2005 Lu-DOTATATE) , with the latter radioligand now registered for therapy of well-differentiated GEP NENs, also termed GEP neuroendocrine tumours (NETs).
PRRT with 177 Lu-DOTATATE is a potent therapy with approximately 40% of patients obtaining a partial response and 80% of patients obtaining disease control after four cycles (Brabander et al. 2017) . In the phase 3 NETTER-1 trial, PFS after four cycles of PRRT was estimated at 30 months and there was a 79% decrease in the risk of instantaneous progression or death in midgut NET patients treated with 177 Lu-DOTATATE PRRT compared to
Radionuclides
The use of radionuclides emitting higher energy levels in PRRT can potentially increase the level of cancer cell death induction. New radionuclides that are introduced for PRRT besides Lutetium-177 ( 177 Lu) and Yttrium-90 ( 90 Y) are mainly alpha emitting radionuclides, such as Bismuth-213 ( 213 Bi), Actinium-225 ( 225 Ac) and . The high-energy radiation emitted by these alpha radionuclides will increase the number of DNA double-strand breaks and therefore cell death. One of the disadvantages of alpha therapy is the potential release of daughter radionuclides from the chelator. This can result in the circulation of radionuclides with a long half-life, possibly causing unintended and severe toxicity. The literature regarding targeted alpha therapy with 213 Bi or 225 Ac is scarce with limited number of patients. However, the first results are promising (Kratochwil et al. 2014) . There is still a need for good clinical trials regarding the dose limited toxicity and efficacy. Recently, a phase 1 study was started with 212 Pb-DOTAMTATE (NCT03466216).
Dosimetry
PRRT is regularly administered using a fixed injected activity of 7.4 GBq per cycle, which results in variable absorbed doses to the tumour and healthy organs, due to the large patient's variability in biodistribution of the radiolabelled peptides. Individual dosimetry-based adaptation of administered activity can therefore be used to create optimised treatment protocols. Dosimetry can be based on pre-PRRT positron emission tomography (PET) with Gallium-68-labelled SSAs or post-PRRT single-photon emission computed tomography (SPECT) scanning. For example, the group from Uppsala performed dosimetry based on planar whole-body and SPECT/CT images of the abdomen and also in a sub-selection of patients in blood and urine samples. In 50% of patients more than four cycles of 7.4 GBq could be administered and patients were treated with up to ten cycles (Sandstrom et al. 2013) . A Canadian group performed dosimetry based on the renal-absorbed dose. Following a first dose based on the glomerular filtration rate and the body surface area, subsequent cycle doses were based on post-therapy scan dosimetry. The results were encouraging without extra toxicity (Del Prete et al. 2019) , showing that personalised dose calculation can improve the absorbed tumour dose. However, larger clinical studies should proof feasibility and efficacy of the individual dosimetry-based strategy for PRRT improvement.
Antagonists
For many years, it was believed that receptor internalisation is essential for high tumour uptake and long residence time of the radioligand. However, Ginj et (Ginj et al. 2006) . Also, in a direct comparison in mice not only a higher uptake, but also a longer survival and better tumour control was observed in mice treated with the antagonist 177 Lu-DOTA-JR11 (Dalm et al. 2016) . In patients, the first pilot study demonstrated promising results with a 1.7-10.6 times higher tumour dose with the antagonist 177 Lu-DOTA-JR11 compared to 177 Lu-DOTATATE (Cescato et al. 2011) . Antagonists are currently under investigation for both imaging and therapy in different phase I/II trials. The main concern of these new peptides is the increase of uptake in kidneys and bone marrow, resulting in higher toxicity. The introduction of an amino acids infusion lowers the radiation dose on the kidneys significantly, making the kidneys no longer the dose-limiting organ for 177 Lu-DOTATATE treatment (Rolleman et al. 2010) . However, with the introduction of new peptides and radionuclides, it is essential to perform dosimetry and calculate the dose on the different organs to prevent side effects.
Somatostatin receptor type 2
Radioiodine therapy for thyroid diseases is potentiated by stimulating iodine uptake with thyroid-stimulating hormone (TSH), either through thyroid hormone withdrawal or the administration of recombinant TSH (Ladenson et al. 1997) . Similar strategies to improve radiolabelled SSA binding includes epigenetic modulation of the SST type 2 (SST2) gene. Three preclinical studies have shown that inhibition of histone deacetylase activity can augment SST2 expression up to two-fold and SSA binding in NET cells up to six-fold (Arvidsson et al. 2016 , Taelman et al. 2016 , Veenstra et al. 2018 . A comparable stimulating effect on SST2 levels was provoked by the methyltransferase inhibitor azacitidine (Veenstra et al. 2018) . Epigenetic modifications near the SST2 gene can thus induce target expression and potentially improve radioligand targeting.
Radiosensitisation
PRRT induces various types of damage in the tumour cell DNA. While a certain amount of DNA damage can be repaired, a higher level will induce cell death. Thus, DNA damage repair counteracts therapy efficacy. To overcome the current limitations of PRRT, DNA damage repair inhibitors can be used as radiosensitisers of PRRT to expand the therapeutic window. This approach can increase the level of DNA damage in the tumour and a similar dose of PRRT will therefore lead to a higher cell death rate. It has previously been shown preclinically that PRRT can be augmented by Poly ADP-ribose polymerase (PARP) inhibitors , Purohit et al. 2018 . A similar approach successfully tested in vivo is the combination of PRRT with a nicotineamide phosphoribosyltransferase (NAMPT) inhibitor that blocks nicotinamide-adenine-dinucleotide (NAD + ) regeneration after consumption by PARP. The NAMPT inhibitor GMX1778 produced a synergistic antitumor effect on GOT1 xenografts in mice treated with PRRT (Elf et al. 2017) . Furthermore, a preclinical study showed that Hedgehog inhibitors can function as radiosensitisers of PRRT. The Hedgehog pathway is commonly upregulated in cancer, and radiosensitisation is achieved by inhibition of the PI3K/AKT/mTOR activation of the Hedgehog signalling pathway, which is activated by PRRT (Spetz et al. 2017) . Another way of radiosensitisation is by using 5-fluoro-uracil (5-FU) (Kashyap et al. 2015) . 5-FU is a chemotherapeutic agent that prevents de novo DNA synthesis via inhibition of thymidylate synthase. Results of a randomised controlled trial from our institute comparing PRRT and PRRT with the radiosensitiser capecitabine are expected in 2019.
Hsp90 inhibition
Potentiation of PRRT can be obtained through modulation of the cellular response to the radiation-induced DNA damage. This was the rationale behind the study of Hofving et al. , where a drug library of 1224 compounds was tested in GOT1 and P-STS cells for synergy with external radiation (Hofving et al. 2019) . This screen detected several potential synergistic drugs within relevant NET pathways, including the above mentioned mTOR/PI3K, tyrosine kinase receptors and histone deacetylases. A novel radiosensitiser that was detected in both cell lines was the bromodomain and extra-terminal motif (BET) proteins, involved in histone acetylation recognition and support of transcriptional complexes. Inhibitors of BET proteins are currently in clinical trial phase for several types of carcinomas (Fu et al. 2015) . The drug screen in the grade 3 tumour-derived P-STS cells revealed a predominance of G protein-coupled receptor targets, which offers novel insights into PRRT-mediated cellular responses.
Hsp90 was the most potent target in the welldifferentiated GOT-1 cell line and was subject to further confirmatory studies. As a molecular chaperone involved in the response to DNA, inhibition of Hsp90 has been shown as a viable target for radiosensitisation (Russell et al. 2003) . Importantly, this effect was not observed in the P-STS cell line, possibly reflecting a lack of efficacy of Hsp90 inhibitors in high-grade tumours. Hsp90 expression was found to be increased in small intestinal NET cells relative to tumour stroma and the synergy of Hsp90 inhibition with radiation was confirmed in patient NET tissues ex vivo. Overall, their innovative drug screen approach offers several novel targets that warrant further investigation for combining targeted treatment with PRRT.
Immunotherapy
Besides inducing DNA damage leading to (tumour) cell death, radiation therapy can reprogram the tumour microenvironment to induce an antitumor immune response. However, it can also induce an immunosuppressive response. The interaction of programmed death ligand 1 (PD-L1) on tumour cells with programmed cell death protein 1 (PD-1) on T-cells reduces T-cell functionality, thus reducing the control of the immune system on the tumour cells. PD-1 and PD-L1 inhibitors block this interaction and increase the T-cell response to kill tumours (Weber 2010) . Besides using these immunosuppressive drugs as monotherapy, they can also increase the cell killing potential of external radiation therapy (Weichselbaum et al. 2017) . It can therefore be expected that PRRT in combination with immunotherapy might be beneficial for some patients. However, it needs to be taken into consideration that characteristics of the immune infiltrate can influence immunotherapy efficacy. Approximately 1/3 of G1/G2 GEP-and lung-NETs are PD-L1 positive (Mehnert et al. 2017) . Furthermore, PD-L1 expression appears to increase in poorly differentiated neuroendocrine carcinomas, thus suggesting that combination therapy of PRRT with PD-1 or PD-L1 inhibitors might be more favourable in patients with poor prognosis (Cavalcanti et al. 2017) .
Conclusion
With the approval of 177 Lu-DOTATATE for GEP NETs, this therapy has become available for many patients worldwide. Results are favourable, but there is still room for improvement. In the last decades, many new developments have been made. The drug screen method presented by Hofving et al. has uncovered several promising targets for radiosensitisation including Hsp90 inhibition. Their findings coincide with other developments in radioligands, receptor expression and radiosensitisation. These methods may offer a synergistic effect with PRRT and consequently increase response rates and survival. The future of PRRT is promising, but the majority of currently published research is still in preclinical stages and proof-of-concept studies in NET patient are highly needed. Of particular note, the safety concerning radiation to healthy tissues requires detailed consideration and assessment when combining novel cytotoxic modalities.
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